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formance for SrTiO3-based and CaMnO3-based ceramics by single/multi-doping, microstructure controlling, nanostructuring, nanocomposite
fabrication, defect chemistry engineering, and so on, are analyzed and reviewed.
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creativecommons.org/licenses/by-nc-nd/4.0/).efficiency is increasingly important. However, approximately
two-thirds of energy is lost as waste heat; the direct harvest of
this waste heat using thermoelectric materials has attracted
worldwide interest [1e5]. Thermoelectric materials can
convert waste heat from industrial processes, furnaces, and
engine exhaust streams into useful electricity by taking
advantage of the Seebeck effect. The energy conversion effi-
ciency is governed by the dimensionless figure of merit, which
is defined as zT ¼ S2sT/k, where S is the Seebeck coefficient,er B.V. This is an open access article under the CC BY-NC-ND license (http://
226 H. Wang et al. / J Materiomics 2 (2016) 225e236s is the electrical conductivity, k is the total thermal conduc-
tivity, and T is the absolute temperature [5e7]. The numerator
S2s defines the power factor (PF ), which primarily relates to
the electric properties. Furthermore, the total thermal con-
ductivity consists of electronic (ke) and lattice (kL) contribu-
tions. From its definition, we know that to acquire high zT we
need materials with a high S and s and a low k. Unfortunately,
these three thermoelectric parameters are strongly intercorre-
lated; when one parameter improves, another is often offset.
Therefore, the process of enhancing the figure of merit is
challenging. Many approaches have been developed to
improve the thermoelectric performance, and a number of
thermoelectric materials with high zT have also been
fabricated.
Traditional thermoelectric alloys as major material systems
have reached much higher thermoelectric performances by
band engineering, nanostructuring, and so on. For example,
the figure of merit zT ¼ 1.86 @ 320 K for a Bi0.5Sb1.5Te3 alloy
was obtained by embedding dense dislocations arrays in the
grain boundaries [8]. PbTe alloys also exhibit a high figure of
merit zT ¼ 2.0e2.2 as a result of both its valence band
structure and nanostructure [9e11]. Single crystal SnSe ex-
hibits an excellent figure of merit; the zT value can reach
2.0e2.6 at different axes [12,13]. The values of zT for new
Skutterudites, silicon-based alloys, SnTe-based alloys and
half-Heusler alloys are also over unity, allowing practical
applications [14e18]. Although the thermoelectric perfor-
mances for these alloys have seen significant enhancements in
recent years, most of them can only be used in a strict oxygen-
free environment. However, oxide materials have been
considered promising candidates for mid- and high-
temperature thermoelectric applications due to their thermal
and chemical stabilities in air and at high temperatures.
Since the discovery of the excellent thermoelectric prop-
erties of NaCo2O4 [19], layer-structured cobalt oxides and
BiSeCuO-based materials have aroused tremendous research
interest [20e22]. Most well-studied thermoelectric oxides are
p-type semiconductors, and the highest figures of merit for
some of them can reach unity, such as zT ¼ 1.4 for
Bi0.875Ba0.125CuSeO [21]. As a counterpart of these p-type
oxides, n-type oxides are inferior in their thermoelectric per-
formances. For the fabrication of the thermoelectric modulus,
the figure of merit of n-type oxides should be improved to
meet this requirement. By doping, band engineering and
nanostructuring, researchers have put forth much effort toward
enhancing the thermoelectric performances of perovskite-type
SrTiO3, CaMnO3-based oxides and other types of oxides,
which are the major n-type thermoelectric oxide systems
currently under intensive investigation.
Although SrTiO3- and CaMnO3-based oxides belong to the
perovskite category, their synthesis conditions are very
different. The SrTiO3-based thermoelectric oxides are sintered
in a reduced atmosphere, while CaMnO3-based ceramics are
sintered in air. Therefore, in addition to doping effects on the
thermoelectric performance of the two types of oxide, va-
cancy effects are also included in SrTiO3-oxides. In this
paper, the effects of doping, microstructure, nanostructuring,nanocomposite fabrication and deficiencies on the thermo-
electric parameters and the figure of merit are analyzed for
SrTiO3 oxides. Meanwhile, the CaMnO3 oxides are studied
primarily for the effects of doping modification. The current
status of the thermoelectric performance for SrTiO3 and
CaMnO3 oxides is presented in the following sections.
2. SrTiO3-based materials
SrTiO3 is the cubic perovskite ABO3 structure. The smaller
Ti4þ ions are at the cube corners being surrounding by 6O2,
which form the TiO6 octahedral building units, and the large
Sr2þ ions occupying the cube center [23]. The crystal structure
of SrTiO3 has been shown in Fig. 1(a). Stoichiometric SrTiO3
is an insulator with a bandgap of 3.2 eV. However, the metallic
behavior can appear in doped or reduced SrTiO3. Therefore,
doped and reduced SrTiO3 materials have been widely
investigated as promising n-type thermoelectrics. The
enhancement in the figure of merit for SrTiO3-based materials
by doping, microstructure and nanostructuring, and defect
chemistry engineering is subsequently reviewed in detail.2.1. Single and dual dopingFor single doping, many studies focus on the addition of
rare earth elements in the A sites or heavy elements in the B
sites. La-doped SrTiO3 ceramics as typical components have
been widely synthesized by different methods such as tradi-
tional solid state, solegel and combustion synthesis. The
figure of merit is zT ¼ 0.21 @ 750 K for a La0.1Sr0.9TiO3
ceramic synthesized by traditional solid-state processes [24].
Shang et al. reported a La0.08Sr0.92TiO3 bulk material that was
formed by a solegel process, followed by spark plasma sin-
tering in which the figure of merit reached zT ¼ 0.08 @ 679 K
[25]. Compact Sr0.98La0.02TiO3 was fabricated by a hydro-
thermal method followed by a cold-pressure procedure; its
figure of merit was zT ¼ 0.12 @ 300 K [26]. A Sr0.92La0.08-
TiO3 ceramic was prepared by combustion synthesis with
post-spark plasma sintering, and the highest value of zT
approached 0.37 @ 1045 K, which mainly resulted from the
nanostructure [27]. Although many synthesis methods can
fabricate samples with high thermoelectric performances, the
traditional solid-state process is the most common way and is
easy to scale up for large-scale production. Therefore, other
Nd-, Sm-, Gd-, Dy-, Y-, Er- and Yb-doped SrTiO3 ceramics
have been synthesized by the traditional solid-state method.
The values of the figure of merit for a series of rare earth el-
ements doped into SrTiO3 range between 0.1 and 0.25
[28e31]. From the above-mentioned research, the optimized
doping amount of the rare earth elements is approximately
10%. The La dopant effectively optimizes the band structure
to obtain the higher power factor. In addition to controlling the
carrier concentration via doping, the heavy elements of Dy and
Yb easily reduce the thermal conductivity, and then obtain
relatively higher figure of merit.
Fewer studies have focused on doping in the B sites relative
to doping in the A sites. Ta and Nb have often been selected in
Fig. 1. The crystal structure of SrTiO3 (a) and CaMnO3 (b).
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SrTi0.9Ta0.1O3 ceramic at 752 K [32]. Wang et al. reported that
a 15% Nb-doped SrTiO3 polycrystalline ceramic, which is
prepared by solid state reaction, only reaches a figure of merit
of zT ¼ 0.02e0.03 [33,34]. The Nb-doped SrTiO3 bulk ma-
terials with different doping levels have been formed through a
facile process. A remarkable thermoelectric performance with
a zT ¼ 0.4 (0.37) at 1100 K (1000 K) has been realized upon
10% and 15% doping, which are the highest values available
when doping in the B sites [35].
All in all, the thermoelectric performance for doping in the
B sites is generally inferior to that of doping in the A sites, as
shown in Fig. 2. That likely results because the doping
element in the B sites sensitively affects the TiO6 octahedral
unit and then effects the electrical conductivity, except for
reducing the thermal conductivity by doping with heavy
elements.Fig. 2. The figure of merit for the single doping of SrTiO3 bulk materials.Based on the above research of single doping, dual doping
can increase the controlling factors and cooperatively adjust
the electrical properties and thermal conductivities, thereby
enhancing the thermoelectric performance. In previous works,
La/Dy-, La/Nb-, La/Ta-, La/Y- and La/Yb-doped SrTiO3
samples have been fabricated through a traditional solid-state
reaction [36e41]. The thermal conductivities for these sam-
ples are reduced because of scattering from the presence of
more alloys and scattering of a second phase in some in-
stances. Meanwhile, the power factors still have high values.
Therefore, the values of the figure of merits of these doping
samples can range from 0.2 to 0.36 at high temperatures. The
behavior of the power factor and the thermal conductivity for
some dual doping samples has been plotted in Fig. 3. It can be
found that the La/Nb obtain the highest power factor, and the
La/Dy samples easily obtain lower thermal conductivities. By
combining the power factor and the thermal conductivity, the
figure of merit can be significantly improved via La/Dy
doping. The highest value of the figure of merit zT ¼ 0.36 has
been achieved for La0.92Dy0.08TiO3 and La0.88Dy0.12TiO3 ce-
ramics [37,39]. The lower thermal conductivity is due to the
increase in the scattering from the alloys and the second phase
of Dy2Ti2O7 along with the moderate high power factor lead to
this highest figure of merit. Other groups have also performed
research relating to this. Teranishi et al. has studied the ther-
moelectric efficiency of reduced-SrTiO3 ceramics modified
with La and Nb [42]. The 5% La- and 5% Nb-doped sample
exhibited the highest figure of merit zT ¼ 0.22, which is 1.5
times that of 10% La-doped SrTiO3. La/Ta-doped SrTiO3 ce-
ramics with different doping levels have been prepared by hot
pressuring and SPS [43]. In this paper, the 10% La- and 10%
Nb-doped samples were also synthesized for comparison. All
of the figures of merit for the synthesized samples are
approximately 0.1, and the value of zT for the La/Ta-doped
sample was a little higher.
Fig. 3. The power factor and thermal conductivity for dual doping of SrTiO3.
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doping, we found that the thermoelectric performances for
duel-doping samples in the A sites are generally higher than
those of dual doping in the A and B sites, as shown in Fig. 4.
This behavior is similar with the effect of single doping.
Compared to the effects of single doping, the values of zT for
dual-doped synthesis using the same method are generally
high because of the introduction of more modified factors.2.2. Microstructure, nanostructuring and nanocompositeWith the improvement in the thermoelectric performances
of alloys via microstructuring, nanostructuring and nano-
composite formation, nanotechnology has recently been
applied to fabricate thermoelectric oxides. The non-uniform
microstructure formed from Pr enrichment at the grain
boundaries has been formed in Pr-doped SrTiO3 ceramics, as
shown in the inset of Fig. 5. From a typical Pr spectrum
determined by Energy Dispersive Spectrometer (EDS), it is
easy to find the peak of the Pr element in the grain boundary.Fig. 4. Thermoelectric performance of dual doping of SrTiO3-based ceramics.The microstructure and electrical properties are strongly
dependent on the conditions of the Spark-Plasma-Sintering
(SPS) process. From Fig. 5, the electrical conductivity of
Sr1  xPrxTiO3 for x ¼ 0.075 can be improved by the high
ratio of SPS sintering. The formation of Pr-rich grain bound-
ary regions gives rise to an enhanced carrier mobility and
power factor, and a decreased thermal conductivity, leading to
the high figure merit of zT ¼ 0.35 @ 773 K for the 15% Pr-
doped sample [44]. Many relevant studies have been done to
try to understand the enhancement mechanism of the carrier
mobility of the Pr-rich grain boundary phase [45,46]. La-
doped SrTiO3 nanoparticles were prepared via SPS of chem-
ically synthesized colloidal nanocrystals. The transmission
electron microscopy (TEM) image (Fig. 6a) and scanning
electron microscopy (SEM) image (Fig. 6b) show the sizes of
the sample nanoparticles ranging from approximatelyFig. 5. The electrical conductivity of Sr1  xPrxTiO3 with x ¼ 0.075 with
different SPS heat rates; the inset is the microstructure and Pr spectrum from
the EDS line across two grains. Reproduced from Ref. [45], Chem Mater
2014; 26: 2475e85, with permission from American Chemical Society,
Copyright (2014).
Fig. 6. The TEM (a) and SEM images (b) of SrTiO3 nanoparticles with 7.7% La doping. Reprinted from Refs. [47], J Mater Chem A 2014; 2: 4217e24, with
permission from Royal Society of Chemistry.
229H. Wang et al. / J Materiomics 2 (2016) 225e23610e20 nm. The shape and size of the nanoparticles did not
obviously changed with the variation of the La content. With
the increase in La, the total thermal conductivity decreased.
The value of the total thermal conductivity for the nano-
particles is much lower than that of the La-doped SrTiO3 ce-
ramics, as presented in Fig. 7. The nanostructure can
significantly decrease the thermal conductivity of SrTiO3.
Therefore, the nanostructured bulk of the La-doped SrTiO3
exhibits a maximum zT ¼ 0.37 for 9% La doping [47]. In
addition to the nanostructuring, some SrTiO3 nanocomposite
materials have also been made in recent years. Lanthanum
strontium titanium materials with different amounts of gra-
phene added have been fabricated. The SEM images of
nanocomposites shown in Fig. 8 reveal that the graphene isFig. 7. The total thermal conductivity (solid) of La-doped SrTiO3 ceramics and
nanoparticles with 4.7%, 7.7% and 9.0% La. The lattice thermal conductivity
(open) is for 9.0% La-doped SrTiO3 nanoparticles.dispersed at the edges of the ceramic grains without any
obvious localized aggregation. The average size can also be
decreased with the increase in the graphene concentration. The
power factor and the lattice thermal conductivity of the
nanocomposites are presented in Fig. 9. The lattice thermal
conductivity of the nanocomposites decreases upon the addi-
tion of graphene, whereas the power factor increases signifi-
cantly. When 0.6 wt% graphene is added, the highest figures of
merit zT ¼ 0.42 and 0.36 have been achieved at room tem-
perature and 1023 K, respectively [48]. Similar research on the
fabrication of Nb-doped SrTiO3 added of yttria-stabilized
zirconia (YSZ) nano-inclusions also has been done. YSZ in-
clusions located inside the grain and at the triple junction, can
reduce the thermal conductivity and enhance the electrical
conductivity by promoting abnormal grain growth. Therefore,
the figure of merit of the Nb-doped SrTiO3 composite was
enhanced 9-fold [33]. Nanotechnology methods are effective
ways to decrease the thermal conductivity and also retain or
improve the power factor resulting from the energy filter ef-
fect. The figures of merit of SrTiO3-based materials have been
significantly enhanced by nanotechnology and more relevant
work should be done for further improvement. To demonstrate
the effect of nanotechnology on the figure of merit, the highest
figures of merit for La-doped SrTO3 ceramics, La-doped
SrTiO3 nanoceramics and La-doped SrTiO3 nanocomposite
(adding graphite) are summarized and presented in Fig. 10.
The high-temperature thermoelectric performance for SrTiO3-
based nanoceramics and nanocomposites is obviously better.2.3. Defect chemistry engineeringSrTiO3-based ceramics as thermoelectric materials are al-
ways synthesized in a reduced atmosphere. The non-
stoichiometry may have an important effect on the thermo-
electric performance; therefore, defect chemistry engineering
Fig. 8. The SEM images of the fracture surface of 0.6 wt% graphene added in the La-doped SrTiO3 nanocomposites (a) at low magnification, (b) at high
magnification. Reprinted with permission from Ref. [48], ACS Appl Mater Interfaces 2015; 7: 15898e908. Copyright (2015) by the American Chemical Society.
Fig. 9. The lattice thermal conductivity and power factor for La-doped SrTiO3
with x wt% graphene, x ¼ 0.0, 0.1, 0.6, 1.0. Reprinted with permission from
Refs. [48], ACS Appl Mater Interfaces 2015; 7: 15898e908. Copyright (2015)
by the American Chemical Society.
Fig. 10. A comparison of the figure of merit for a La-doped SrTiO3 ceramic, a
La-doped SrTiO3 nanoceramic and a La-doped SrTiO3 nanocomposite with
graphite.
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oxides. Popuri et al. found that A-site vacancies result in a
lower thermal conductivity, such as the thermal transport
behavior of glass. Meanwhile, combined with doping with Nb
to adjust the electrical properties, the unexpected result brings
SrTiO3 one step closer to becoming high-performance
phonon-glass electronecrystal thermoelectric materials [49].
The effect of A-site cation deficiencies on the figure of merit
for Pr- or Nb-doped SrTiO3 ceramics has been investigated.
Fig. 11 presents the power factor and lattice thermal conduc-
tivity for stoichiometric Pr- and Nb-doped SrTiO3 and A-site
deficiency Pr- and Nb-doped SrTiO3. It shows that A-site
deficiencies can obviously increase the power factor, whereas
the formation of oxygen vacancies can suppress the lattice
thermal conductivity. By combining the power factor and the
thermal conductivity, an A-site deficiency for the Nb-doped
sample significantly enhances the figure of merit, reaching a
maximum of approximately 0.2 in the entire measured tem-
perature range. For Pr-doped SrTiO3, an A-site deficiency is
beneficial when a high concentration of Pr exists; however, its
effect on the thermoelectric properties is not significant for
low concentrations of Pr [50]. A series of cationic stoichio-
metric SrTi1  xTaxO3  d and A-site deficient Sr1  x/2Ti1 
xTaxO3  d compositions have been studied. Strontium and
oxygen vacancies appropriate the carrier concentration and
mobility. The lattice thermal conductivities for stoichiometric
SrTi1  xTaxO3  d and A-site deficient Sr1  x/2Ti1  x
TaxO3  d compositions at 600 K are shown in Fig. 12. As
demonstrated from the results, the lattice thermal conductivity
is significantly reduced, which results from good phonon
scattering from the oxygen vacancies, vacant A sites, and
oxygen-excessive defects. Resulting from the optimum power
factor and lower thermal conductivity, the figures of merit for
A-site nonstoichiometric oxygen-deficient Sr0.95Ti0.9Ta0.1O3  d
and Sr0.9Ti0.8Ta0.2O3  d compositions amount to 0.3 and 0.28
at 1000 K and to 0.37 and 0.35 at 1230 K, respectively [51]. In
a very recent study, the thermoelectric properties of Sr1  3x/2
LaxTiO3  d ceramics are reported, and the figure of merit has
also been improved by A-site deficiencies. The largest value
Fig. 11. A comparison of the power factor and the lattice thermal conductivity for stoichiometric and A-site deficient Pr- and Nb-doped SrTiO3. Reproduced from
Ref. [50], J Phys Chem C 2014; 118: 4596e606, with permission from American Chemical Society, Copyright (2014).
Fig. 12. The lattice thermal conductivity of stoichiometric and A-site deficient
Ta-doped SrTiO3 at 600 K. Reprinted with permission from Ref. [51], Chem
Mater 2015; 27: 4995e5006. Copyright (2015) by the American Chemical
Society.
Fig. 13. The effect of an A-site deficiency on the thermoelectric performance
for La-doped and Nb-doped SrTiO3 ceramics.
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the end, for clear comparison of the thermoelectric perfor-
mances for the nonstoichiometric and stoichiometric samples,
the highest values of the figure of merit for these two types of
La-SrTiO3 and Nb-SrTiO3 samples are shown in Fig. 13. It is
obvious that the figure of merit for nonstoichiometric samples
is even higher than that of the stoichiometric samples. There-
fore, defect chemistry engineering provides a highly promising
route to further improve the thermoelectric properties for
SrTiO3-based ceramics.
From these previous studies, the figure of merit for SrTiO3-
based bulk materials has improved to zT ¼ 0.4 from the initial
zT ¼ 0.1. Although the figure of merit has been significantly
enhanced, it is also smaller than that of p-type oxides and
alloys. Based on the comprehensive analysis of the effects ofmulti-doping, nanostructuring, nanocomposite fabrication and
defect chemistry engineering on thermoelectric performance,
it may be possible to combine one or more optimizing
methods to further enhance the figure of merit of SrTiO3 bulk
materials.
3. CaMnO3-based materials
Fig. 1(b) presents the crystal structure of CaMnO3, which is
also a perovskite structure such as the SrTiO3 oxide. The phase
of CaMnO3 is orthorhombic crystal structure belonging to the
Pnma space group. For CaMnO3 ceramics, despite their high
Seebeck coefficient, their figures of merit zT at high temper-
atures remain low due to their large resistivities. When some
tri- or tetravalent elements are introduced into the CaMnO3
lattices, the obtained electron-doped compounds exhibit low
resistivities and moderate Seebeck coefficients. The
232 H. Wang et al. / J Materiomics 2 (2016) 225e236thermoelectric properties of the CaMnO3 materials improved
with the help of these dopants. Therefore, perovskite manga-
nites are expected to be promising n-type thermoelectric ma-
terials, and a large amount of research has been performed to
enhance the thermoelectric properties using the doping
modification method. Considering the sites where these dop-
ants are introduced, these studies can be categorized into three
types. The first and second type of doping method is to
introduce dopants at the Mn or Ca sites, respectively, and the
third one is to let the dopants substitute for Mn and Ca
simultaneously. The effects on the microstructures, resistivity,
Seebeck coefficient, and thermal conductivity behaviors of the
samples obtained by the three doping modification methods
are extensively investigated.3.1. Single doping on A or B sitesFig. 14. The figure of merit for single doping at the A site for CaMnO3.For the first single doping modification method, the effects
on the thermoelectric properties of CaMnO3 doped at the Mn
sites by Ru, Mo, Ta, and Nb, etc., are studied by different
research groups. The CaMn1  xRuxO3 and CaMn1  yMoyO3
systems exhibit relative low resistivities (r < 0.03 U cm)
and moderate absolute thermopower values at room temper-
ature (Seebeck coefficient S > 100 mV/K) [53]. In a
CaMn1  xNbxO3 system, it is found that the manganite
phases exhibit a structural transition from orthorhombic to
cubic symmetry at high temperatures [54]. This transition in
structure resulted in obvious changes in the electrical and
thermal transport properties. And the “chimie douce” (SC)
synthesis is also applied to improve the thermoelectric
properties of CaMn1  xNbxO3 compounds [55]. Thermal
conductivity values were achieved for the SC-derived phases
(k < 1 W m1 K1). The low thermal conductivity combined
with high the power factors resulted in a zT value of 0.32.
Analogous to the first doping modification method, doping
of more tri- or tetravalent elements, such as La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Yb, etc., has been attempted at the Ca
site to obtain polycrystalline Ca1  xRxMnO3 compounds. The
structure, transport, and thermoelectric properties of the
polycrystalline Ca1  xRxMnO3 samples have also been sys-
tematical investigated.
The substitution of R3þ for Ca2þ improved the electrical
conductivity of CaMnO3 and sometimes induced a metal-
insulator transition. At lower temperatures, the transport
mechanism is believed to be a small polaron hopping mech-
anism, while at higher temperatures, all of the samples exhibit
metallic-like behavior [56e59]. For most of the samples, the
Seebeck coefficient is considered to be associated with carrier
concentration [57]. It has been found that most of the samples
exhibit a similar thermoelectric power because of their nearly
identical carrier concentration. However, the resistivity is
considered to be determined by carrier concentration and also
influenced by structural distortions [57]. For a fixed electron
concentration, the ionic size matching between the Ca2þ
and R3þ ion is important to affect the resistivity in the
Ca0.9R0.1MnO3 system. According to the previous results [60],
the thermal conductivity k is mainly dependent on the weightof the R3þ ion. The heavier R3þ ion induces strong local vi-
brations in the system and suppresses the k in the
Ca0.9R0.1MnO3 system.
For a Ca0.9R0.1MnO3 system, the electron concentration,
structural distortions, and the weight/size of doped ions are
considered to be related to the thermoelectric response. The
best thermoelectric performance reported has always been
similar to the relative electron concentration. The highest
zT ¼ 0.2 was found in the Ca0.9Dy0.1MnO3 and
Ca0.9Yb0.1MnO3 samples, as shown in Fig. 14. The high figure
of merit is attributed to the relatively low resistivity and the
low thermal conductivity among all Ca0.9R0.1MnO3 samples
[56].3.2. Dual doping at the A siteTo further improve the thermoelectric performance of the
Ca1  xRxMnO3 system, two elements are simultaneously
doped into the Ca site. For the polycrystalline Yb0.1Ca0.9  x
DyxMnO3 ceramics, it is found that the thermal conductivity
decreased with Dy-doped, which was mainly due to the large
difference in mass between Dy3þ and Ca2þ [61].
Zhu et al. developed a systematic approach to determine the
effect of dual doping at the Ca sites [62e66]. The thermo-
electric properties of a dual-doped Ca1  0.02  xDy0.02
RxMnO3 system are studied, in which R ¼ Bi, La, Ho, Er, Tm,
Yb, Nd, and Sm. Fig. 15 shows the temperature dependence of
the electrical resistivity and the Seebeck coefficients for these
samples with dual doping at the Ca site, respectively. All
samples exhibited similar resistivities as well as similar See-
beck coefficients. As discussed above, the resistivities and
Seebeck coefficients are considered to be associated with the
carrier concentration. The second doping element cannot lead
to a significant change in the carrier concentration because of
these elements have the same number of valence electrons.
The temperature dependence of the thermal conductivity for
these samples is shown in Fig. 16. Although a remarkable
change in the thermal conductivity values between these
Fig. 15. The electrical resistivities and Seebeck coefficients for dual doping at the A site of the CaMnO3 ceramics.
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with the single-doped Ca0.98Dy0.02MnO3 sample. As reported
by Zhu [66], the second doping elements lead to stronger
resonance and dislocations scattering, which results in a
decrease in the thermal conductivity. The most optimized
doping concentration is always in the range of 2% for the dual
doping systems, and most of the samples obtained by dual
doped exhibited similar zT behaviors, as shown in Fig. 17. The
Dy/Yb dual doping sample shows the lowest thermal con-
ductivity (1.4 W/Km at 1073 K) and the highest zT ¼ 0.27 is
obtained in Dy/Yb dual-doped CaMnO3 [63].3.3. Dual doping at the A and B sitesDespite the above-mentioned two doping modification
method, many element combinations, such as Bi&V, Y&Nb,
Y&Fe, Dy&Nb, Bi&Nb, Bi&Si, and Yb&Nb, etc., have been
used for doping at the Ca and Mn sites, respectively. In theFig. 16. The thermal conductivities for dual doping at the A site for CaMnO3.Ca1  xBixMn1  yNbyO3 system, the electrical conductivity
increases, and the Seebeck coefficient decreases [67].
Meanwhile, in another work, Bi&V doping effectively
decreased the resistivity and thermal conductivity of the
Ca1  xBixMn1  yVyO3 system, and a maximum zT value of
0.21 at 1050 K was obtained in this system [68]. The zT values
for the samples with dual doping at the A and B sites are
shown in Fig. 18. As per the discussion of the Ca1  xRxMnO3
system, the diabatic small polaron hopping model is used to fit
the electrical conductivity of samples obtained through this
Ca- and Mn-site doping method [69]. In this system, the
temperature dependence of the Seebeck coefficient is also
inversive to the charge carrier concentration. Some special
fabricating methods, such as spark plasma sintering and spray
drying, have been applied to further improve the thermoelec-
tric performance of the Ca1  xXxMn1  yYyO3 system
[70,71]. The enhancement of the power factor has been found
in these works, which can be attributed the optimizing of
microstructure.Fig. 17. The figure of merit of dual doping at the A site for CaMnO3 ceramics.
Fig. 18. The figure of merit of dual doping at the A and B sites for CaMnO3
ceramics.
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doping as an effective optimization method to improve the
thermoelectric performance of CaMnO3. The figure of merit
has been insignificantly improved by doping, and it must be
further improved before it can be used in practical applica-
tions. Therefore, it is necessary to carry out more research.
More element doping, nanostructuring and nanocomposite
fabrication should be tried because these methods are prom-
ising pathways to dramatically enhance the zT properties.
Meanwhile, the thermoelectric properties for CaMnO3 single
crystals and low-dimensional CaMnO3 materials are relatively
insufficient and improving these may be another good
pathway.
4. Summary and prospective
SrTiO3 and CaMnO3, two typical n-type perovskite oxides,
have been reviewed as potential high-temperature thermo-
electric materials. It was found that traditional doping modi-
fications significantly enhance the properties of the oxides.
The research should focus on the nanostructuring of oxides to
achieve results such as the optimization of alloys. Meanwhile,
the effects on the thermoelectric performance by nano-
structuring, nanocomposite fabrication and defect chemistry
engineering have been clearly shown in previous SrTiO3 ma-
terial systems. Therefore, more research should be conducted
on nanostructuring and nanocomposite fabrication to further
enhance the thermoelectric performance of oxides, in addition
to combining doping and defect chemistry engineering.
Through these methods, the development of enhanced oxides
will be achieved in future.
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